Leaf senescence and associated changes in redox components were monitored in commercial pea (Pisum sativum L. cv. Phoenix) plants grown under different nitrogen regimes for 12 weeks until both nodules and leaves had fully senesced. One group of plants was inoculated with Rhizobium leguminosarum and grown with nutrient solution without nitrogen. A second group was not inoculated and these were grown on complete nutrient solution containing nitrogen. Leaf senescence was evident at 11 weeks in both sets of plants as determined by decreases in leaf chlorophyll and protein. However, a marked decrease in photosynthesis was observed in nodulated plants at 9 weeks. Losses in the leaf ascorbate pool preceded leaf senescence, but leaf glutathione decreased only during the senescence phase. Large decreases in dehydroascorbate reductase and catalase activities were observed after 9 weeks, but the activities of other antioxidant enzymes remained high even at 11 weeks. The extent of lipid peroxidation, the number of protein carbonyl groups and the level of H 2 O 2 in the leaves of both nitrate-fed and nodulated plants were highest at the later stages of senescence. At 12 weeks, the leaves of nodulated plants had more protein carbonyl groups and greater lipid peroxidation than the nitrate-fed controls. These results demonstrate that the leaves of nodulated plants undergo an earlier inhibition of photosynthesis and suffer enhanced oxidation during the senescence phase than those from nitrate-fed plants.
Introduction
Leaf senescence is essentially a reversible process until the very last stages which culminate in programmed cell death (PCD; Thomas et al., 2003) . It is characterized by a decline in photosynthesis accompanied by the loss of ribulose-1, 5-bisphosphate carboxylase/oxygenase and chlorophyll/ protein complexes, together with increases in proteinase activities and in lipid peroxidation and membrane leakiness (Buchanan-Wollaston, 1997; del Río et al., 1998; Thompson et al., 1999; Palma et al., 2002; Navabpour et al., 2003) . In some species such as Arabidopsis, leaf age can be used as a predictor of the timing of senescence; the sequential senescence of rosette leaves coinciding with maximum inflorescence development (Hensel et al., 1993) . Leaf chlorophyll and protein contents are often used as indicators of leaf senescence. Transcripts encoding genes related to photosynthesis and protein synthesis are decreased during senescence and there is increased expression of senescence-associated genes (SAGs). These are useful molecular markers of the developmental changes in gene expression that underpin the senescence process (Nam, 1997) . However, SAGs are also expressed in response to increases in the tissue contents of reactive oxygen species (ROS; Navabpour et al., 2003) . Increased cellular oxidation is a key feature of leaf senescence Navabpour et al., 2003) .
PCD may be triggered by enhanced ROS levels and cellular oxidation (Chen and Dickman, 2004; Laloi et al., 2004; Wagner et al., 2004) . Recent genetic evidence suggests that ROS do not trigger PCD or senescence by causing physicochemical damage to the cell but rather these metabolites act as signals that activate genetically programmed pathways of gene expression that lead to regulated cell suicide events (Foyer and Noctor, 2005a, b) . Plants use ROS as second messengers in many signal transduction cascades from mitosis to PCD, and thus ROS accumulation is crucial to plant development as well as defence. Similarly, the plant antioxidant defence network that is comprised of low molecular weight antioxidants and antioxidant enzymes, is important in controlling the life-time of the ROS signals as well as in preventing uncontrolled oxidation.
Leguminous plants such as soybean, pea, cowpea, and peanut, are central to environment-friendly agriculture. They are extremely valuable in all sustainable agricultural systems because they provide a biological alternative to the application of chemical nitrogen (N) fertilizers. Legumes are widely used as a natural source of N for crop rotation and intercropping techniques, particularly in developing countries as they add N to the soil. This valuable attribute is due to the symbiotic association between leguminous plants and the N-fixing rhizobia that are housed in specialized organs called nodules (Schultze and Kondorosi, 1998; Gage and Margolin, 2000) . The present study was undertaken to explore the influence of nodulation on the oxidative events associated with leaf senescence compared with those occurring in plants supplied with an optimal level of soil nitrate and ammonium. It is shown that the leaves of nodulated plants exhibit symptoms of enhanced oxidation during the senescence process.
Materials and methods

Plant material and growth conditions
Pea seeds (Pisum sativum L. cv. Phoenix) were supplied by Dr Peter Römer from Südwestdeutsche Saatzucht, Rastatt, Germany. Seeds were surface-sterilized and then germinated on vermiculite for 14 d in controlled-environment chambers. One group of plants was inoculated with Rhizobium leguminosarum (Microbio Rhizogen Corporation, UK) and grown with nitrogen-free Hoagland's nutrient solution (Olivares et al., 1980) . A second group was not inoculated and was grown on a similar solution containing 5 mM KNO 3 (controls). Healthy and vigorous seedlings of the two plant groups were selected and grown in aerated nutrient solutions under the two nitrogen regimes. Plants were grown in growth chambers with a 25/19 8C day/night and with 70-85% humidity. They were grown with a 14 h photoperiod at a photosynthetic photon flux density of 600 lmol m ÿ2 s
ÿ1
. Flower initiation occurred at 9 weeks, a stage when the plants were designated as mature. Plants were grown up to 12 weeks, a point where both nodules and leaves had fully senesced.
Photosynthesis measurements
Steady-state photosynthetic gas exchange parameters were measured 3 h into the photoperiod on the fourth leaf from each plant using a model LCA-3 portable, integrated infrared CO 2 analyser (open system; Analytical Development Co., Hoddesdon, UK). Light (1180 lmol m ÿ2 s
ÿ1
) was provided by a halogen lamp (General Electric 300 PAR 56/WFL). Irradiance was sufficient to ensure that maximal rates of CO 2 assimilation (A max ) were attained at each stage of development (Long and Hällgren, 1985) . Water use efficiency was measured as described by Ludlow and Muchow (1990) .
Preparation of soluble protein and metabolite extracts
Total soluble protein extracts: Leaves were washed and homogenized in ice-cold 100 mM HEPES buffer, pH 6.5, containing 10 mM MgCl 2 , 5 mM EDTA, 5 mM ascorbate, 1 mM PMSF, and 20% (w/v) PVP (1/4; w/v). Homogenates were filtered through two layers of Miracloth and centrifuged at 27 000 g for 20 min and the supernatants were used for the enzymatic determinations.
Metabolite extracts: Leaf tissue (50-150 mg) was ground in liquid N 2 and 1 ml of ice-cold 1 M HClO 4 was added and ground into the frozen powder. On thawing, the homogenate was ground again. Aliquots (0.05 ml) were taken for the assay of chlorophyll as pheophytin, and the remainder was centrifuged for 15 min at maximum speed on a desktop centrifuge at 4 8C. An aliquot (0.5 ml) of the supernatant was decanted into to a fresh tube and 0.1 ml 0.12 M NaH 2 PO 4 (pH 5.6) added. Then sufficient K 2 CO 3 was added drop-wise to bring the pH to 5-6. The insoluble KClO 4 thus produced was removed by centrifugation and the supernatant was decanted into to a fresh tube and used for metabolite (ascorbate and glutathione) analysis.
Determination of ascorbate and glutathione
Reduced ascorbate was measured via the ascorbate oxidasedependent decrease in absorbance at 265 nm as described by Foyer et al. (1983) . Total ascorbate was measured in the same way but following incubation of the sample with dithiothreitol. Dehydroascorbate was determined as the difference between total and reduced ascorbate. Total and oxidized glutathione were measured as the NADPH-driven glutathione-dependent reduction of DTNB (Griffith, 1980) , in the presence of glutathione reductase. Inclusion of glutathione reductase in the assay medium facilitates glutathione cycling, the assay thus measuring both reduced glutathione (GSH) and glutathione disulphide (GSSG) as total glutathione. To distinguish between GSH and GSSG, extracts were treated with 2-vinylpyridine, a reagent that complexes GSH (but not GSSG). Thus, only GSSG is measured in vinylpyridine-treated samples. GSH was determined as the difference between total glutathione and GSSG.
Determination of antioxidative enzyme activities
All measurements were made at 25 8C, except for catalase (20 8C), and were performed four times for each sample. The APX, MDHAR, DHAR, and GR activities were assayed spectrophotometrically, as described by Vanacker et al. (1998) . SOD activity was determined by the ferricytochrome c method using xanthine/xanthine oxidase as the source of superoxide radicals (McCord and Fridovich, 1969) . Catalase activity was measured at 20 8C following the O 2 evolution produced by the enzyme action on H 2 O 2 with a Clark oxygen electrode (del Río et al., 1977) .
Semi-quantitative RT-PCR
For the isolation of total RNA, pea leaves were frozen in liquid nitrogen and stored at ÿ80 8C. Total RNA was extracted using the Trizol method (GibcoBRL, Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions and was stored at ÿ80 8C. Two micrograms of total RNA from senescent leaves of both nodulated and nitrate-fed plants was used as a template for the reverse transcriptase (RT) reaction and was added to a mixture containing 5 mM MgCl 2, 1 mM dNTPs, 0.5 micrograms oligo (dT) primers, 13 RT-buffer, 20 U RNasin ribonuclease inhibitor, 15 U AMV reverse transcriptase (Promega, Madison, WI, USA). The reaction was carried out at 42 8C for 40 min, followed by a 5 min step at 98 8C, and then by cooling at 4 8C. Amplification of actin II cDNA from pea (X68649) was chosen as a control. Each specific cDNA and actin II cDNAs were amplified by polymerase chain reaction (PCR) as follows: 1 ll of the cDNA produced (diluted 1/20) was added to 250 lM dNTPs, 1.5 mM MgCl 2 , 13 PCR buffer, 1 U of Ampli Taq Gold (PE Applied Biosystems), and 0.5 lM of each specific nucleotides (Table 1) in a final volume of 20 ll. Reactions were carried out in a Hybaid thermo-cycler. A first step of 10 min at 94 8C was followed by 28-33 cycles (depending on the target gene) of 30 s at 94 8C, 30 s at 60 8C, and 45 s at 72 8C. Amplified PCR products were detected after electrophoresis in 1% agarose gels stained with ethidium bromide.
Quantification of the bands was performed using a Gel Doc system (Bio-Rad Laboratories, Hercules, CA, USA) coupled to a highly sensitive CCD camera. Band intensity was expressed as relative absorbance units. To normalize for initial variations in sample concentration, the ratio between the specific cDNA and actin II amplification was calculated. Mean and standard deviations were calculated after normalization to actin II.
Determination of H 2 O 2
Assay in leaf extracts: The H 2 O 2 concentration of crude extracts from pea leaves was determined by spectrofluorometry according to the method of Creissen et al. (1999) , as modified by Romero-Puertas et al. (2004) . All operations were performed at 0-4 8C. Leaves (0.4 g) were homogenized in 1.2 ml of 25 mM HCl, and the crude extracts were filtered through two nylon layers, and the pigments were removed by mixing with 15 mg of charcoal (Sigma). The pigmentcontaining charcoal was separated by centrifugation at 5000 g for 5 min, and the supernatants were clarified by filtration through a 0.22 lm filter unit. The pH of leaf extracts was adjusted to 7.0 with NaOH and these extracts were used to measure the H 2 O 2 concentration. The reaction mixtures (3 ml) contained 50 mM HEPES buffer, pH 7.6, 5 mM homovanillic acid, and 10-100 ll of sample. The reaction was started by adding horseradish peroxidase to a final concentration of 40 lM, and the fluorescence produced was measured in a spectrofluorophotometer (Shimadzu RF-540) at excitation and emission wavelengths of 315 and 425 nm, respectively. The H 2 O 2 concentration was determined from a calibration curve of H 2 O 2 (Merck) in the range 0.5-80 lM.
H 2 O 2 cytochemistry: The method used for the localization of H 2 O 2 was based on the generation of precipitates of cerium perhydroxides (Bestwick et al., 1997) , slightly modified by Romero-Puertas et al. (2004) . Leaf pieces (c. 1 mm 2 ) were incubated in freshly prepared 5 mM CeCl 3 in 50 mM MOPS buffer, pH 7.2, for 1 h. As controls, samples were incubated separately with 25 lg ll ÿ1 bovine liver catalase, and without CeCl 3 (negative control). Leaf pieces were then fixed in 1.25% (v/v) glutaraldehyde and 1.25% (p/v) paraformaldehyde in 50 mM Na-cacodylate buffer, pH 7.2, for 1 h. Tissues were washed with the same buffer without fixatives, three times for 10 min, post-fixed for 1 h in 1% (v/v), OsO 4 , dehydrated in a graded ethanol series (30-100% v/v) and then embedded in Spurr resin. Ultra-thin sections were stained with uranyl acetate and lead citrate and examined in a Zeiss EM 10C transmission electron microscope.
Assay of protein-bound carbonyls
The spectrophotometric dinitrophenyl hydrazine (DNPH) method of Levine et al. (1994) was used for the determination of carbonyl groups. For each determination, two replicates and their respective blanks were measured. Samples containing at least 0.5 mg protein were incubated with 0.3% (v/v) Triton X-100 and 1% (w/v) streptomycin sulphate for 20 min to remove the nucleic acids, and centrifuged at 2000 g. Supernatants (200 ll) were mixed with (Levine et al., 1994) .
Other assays
Protein concentrations were determined with the Bio-Rad microassay (Bio-Rad, Richmond, CA, USA), and chlorophyll and phaeophytin were estimated spectrophotometrically via phaeophytin, according to Vernon (1960) . Lipid peroxidation was determined by measuring the concentration of thiobarbituric acid-reacting substances (TBARS) as described previously (Buege and Aust, 1972) .
Statistical analysis
The significance of differences between mean values obtained from four samples produced in three to five independent experiments was determined by one-way analysis of variance. When the main effect was significant (P <0.05) differences between means were evaluated for significance by Duncan's multiple range test.
Results
The nodulated and nitrate-fed peas flowered at 9 weeks after sowing. After this stage leaf total soluble protein content and chlorophyll started to decline (Fig. 1) . Leaf chlorophyll had fallen to very low levels in both sets of plants by 12 weeks, but leaf protein showed a much slower rate of decline (Fig. 1) . The pattern of leaf protein loss showed a similar time-course to that of nodule proteins that has been reported previously (Groten et al., 2005) . By 12 weeks the pods were at an advanced stage of development on both nitrate-fed and nodulated peas and the leaves had entered the late senescence stage, as illustrated by the decreased levels of chlorophyll at this time point (Fig. 1) . Nitrate-fed plants had a much greater shoot biomass than nodulated plants at both 9 and 12 weeks ( Table 2) . At the 9 week stage, the leaves on the nodulated peas had much lower photosynthetic rates than those supplied with nitrate, suggesting that senescence had already begun (Table 2) . By contrast, the leaves of the nitrate-fed plants still retained relatively high rates of CO 2 assimilation even at 12 weeks. At this point, photosynthesis was almost fully inhibited in the leaves of the nodulated peas. Transpiration rates remained high throughout this last stage of development (Table 2) .
Ascorbate accumulated in the leaves of both sets of plants up to the 7 week stage, after which it began to decline (Fig. 1) . The ascorbate pool was about 80% reduced up to week 7 in the nodulated plants and up to week 9 in the nitrate-fed peas, after which the ascorbate pool became rapidly oxidized in both sets of plants (Fig. 1) . The decrease in leaf ascorbate and the increased oxidation of the pool occurred before changes in leaf chlorophyll or protein in both sets of plants, but this was most marked in the nodulated peas (Fig. 1) . By contrast, the leaf glutathione pool increased up to 9 weeks in both sets of plants (Fig. 1) . The glutathione pool was about 80-95% reduced up to week 11 in both sets of plants, after which point substantial oxidation of the pool occurred. After 9 weeks the total amount of glutathione in the leaves decreased (Fig. 1) .
The activities of catalase and ascorbate-glutathione cycle enzymes were high until the later stages of development in both nitrate-fed and nodulated plants (Fig. 2) . APX, GR, and MDHAR activities decreased at week 12 in both sets of plants (Fig. 2) . By contrast, DHAR and catalase activities had decreased to very low levels at week 12. Some differences in the abundance of transcripts encoding antioxidant enzymes were observed at 12 weeks in the leaves from nitrate-fed and nodulated peas (Fig. 3) . For example, APX, MDHAR, GR1, and Fe-SOD transcripts were higher in nitrate-fed plants than nodulated plants, whereas the levels of mRNAs encoding CuZn-SOD I and CuZn-SOD II were lower in nitrate-fed plants than in nodulated plants (Fig. 3) . Other transcripts such as catalase, Mn-SOD, and GR2 were similar in abundance in both sets of plants (Fig. 3) .
Leaf H 2 O 2 contents were similar in nitrate-fed and nodulated peas at 9 weeks (Fig. 4) . Values were much higher at 12 weeks than at 9 weeks in both sets of plants (Fig. 4) . CeCl 3 -staining and transmission electron microscopy were used to determine the intracellular localization of H 2 O 2 (Fig. 5) . The precipitates of electron-dense cerium perhydroxide, indicating the presence of H 2 O 2 , were not uniformly distributed in any of the intracellular compartments, but showed a very patchy distribution. At 12 weeks, the leaves showed small localized pools of cerium perhydroxide in the chloroplasts and cell wall, and to a lower extent in mitochondria and peroxisomes (Fig. 5) .
The number of protein carbonyl groups was similar in leaves of nitrate-fed and nodulated plants at 9 weeks (Fig. 6 ). Protein carbonyl groups had increased only slightly at 12 weeks in the leaves of plants supplied with nitrate (Fig. 6) . By marked contrast, a very large increase in the number of protein carbonyl groups was found in the leaves of nodulated plants at 12 weeks (Fig. 6) .
The extent of lipid peroxidation was similar in leaves of nitrate-fed and nodulated plants at 9 weeks (Fig. 6) . Values had increased only slightly at 12 weeks in the leaves of plants supplied with nitrate (Fig. 6 ). However, a large increase in the content of lipid peroxidation products was found in the leaves of nodulated plants at 12 weeks (Fig. 6) . Despite the marked increases in number of protein carbonyl groups and the content of lipid peroxidation products observed in the leaves of nodulated plants at 12 weeks, superoxide dismutase activities were similar in the leaves of nodulated plants and nitrate-fed plants at 9 weeks and had hardly changed at 12 weeks (Fig. 7) .
Discussion
Senescence is the final step in leaf development but it can be triggered prematurely by exposure to environmental stress or nutrient deprivation (Quirino et al., 2000; Lim et al., 2003) . Mitochondria, chloroplasts and peroxisomes have roles in the senescence process. For example, when expression of the plastid ndhF gene was repressed in transgenic tobacco plants, leaf senescence was delayed relative to the wild type, leading to the hypothesis that chloroplasts have a major role in the regulation of leaf Regulation of ascorbic acid accumulation 1739 senescence (Zapata et al., 2005) . Previous studies have shown that senescence in pea leaves is accompanied by enhanced cellular oxidation (Pastori and del Río, 1997; del Río et al., 1998; Jiménez et al., 1998) . In the present study, the impact of the symbiotic union in the nodule in providing pea plants with reduced N compounds relative to the pathway of primary N assimilation were compared, together with effects on the processes contributing to the enhanced cellular oxidation that is characteristic of leaf senescence.
The nitrate-fed peas produced up to 50% more shoot biomass than the nodulated peas. The lower shoot biomass observed in the nodulated plants may result from the high cost of producing and maintaining the nodule. Changes in leaf protein and chlorophyll were used as markers of the senescence process. The leaves of both sets of plants contained similar amounts of protein and chlorophyll up to the 9 week stage after which both parameters rapidly declined. These results suggest that the timing of plant development and senescence is not greatly altered by the source of reduced N. However, the loss of protein and chlorophyll was more rapid in the nodulated plants compared with those supplied with nitrate at 11 weeks, suggesting that the progression of leaf senescence was much faster at this point in plant development. Despite having comparable amounts of protein and chlorophyll, the leaves of the nitrate-fed plants had much higher photosynthesis rates at week 9 than nodulated plants. These results illustrate that by week 9, photosynthetic carbon assimilation was not operating as efficiently in the nodulated plants as in those supplied with nitrate suggesting that, by week 9, the leaves of the nodulated plants have entered senescence. There is evidence to suggest that nodulated plants suffer from N deficiency at the pod-filling stage (Merbach and Schilling, 1980) and this might induce early leaf senescence. The peas studied here were flowering at 9 weeks and entering the pod-filling stage. The application of N to field-grown legumes often leads to greater seed yields with higher seed protein contents (Merbach and Schilling, 1980; Wesley et al., 1998) . This observation suggests that the legume-Rhizobium symbiosis breaks down too soon in the plant development cycle and the plants become deprived of N, requiring faster remobilization from the leaves.
Although the leaves of nodulated plants retained less protein than the leaves of nitrate-fed plants during senescence, they still had substantial amounts of protein in their leaves at 12 weeks (Fig. 1) . The leaf proteins accumulated during the seed-filling stage of development might be more important in defence against pathogens and abiotic stress protection than in processes associated with photosynthesis and assimilate production. The expression of pathogenesisrelated proteins and pathogen resistance is associated with loss of leaf ascorbate (Barth et al., 2004; Kiddle et al., 2003; Pastori et al., 2003; Pavet et al., 2005) , an important leaf metabolite that has been linked to leaf senescence (Kingston-Smith et al., 1997; Foyer, 2004) . Ascorbate and glutathione are key antioxidants in plants acting in part through the control of ROS, as well as independent redoxsignalling molecules (Noctor and Foyer, 1998; Foyer and Noctor, 2005a, b) . As shown in Fig. 1 the changes in leaf protein during senescence were less marked than the changes in chlorophyll. The glutathione and ascorbate data were therefore expressed on a protein basis. Leaf ascorbate decreased significantly prior to leaf senescence in both nitrate-fed and nodulated plants. While glutathione was decreased in senescent leaves compared with young leaves, the leaf glutathione pool was nevertheless still significant, even in the oldest nodules. The endogenous pools of glutathione and other thiols are important in the regulation of senescence-induced proteinase activities in pea nodules (Groten et al., 2006) . While the induction of proteinases is a key feature of leaf senescence, little information is available on the regulation of the activities of these proteins by cellular oxidants and reductants such as ascorbate and glutathione. The ubiquitin-dependent protein degradation pathway, which selectively targets a diverse range of substrates for degradation by the 26S proteosome, is important in the degradation of leaf proteins during senescence (Stone et al., 2005) . The activity of this pathway is influenced by cellular reductants such as glutathione (Theriault et al., 2000) . High GSH/GSSG ratios can (del Río et al., 1998). The increase in leaf H 2 O 2 levels occurs in parallel with increases in lipid peroxidation and protein oxidation, which were most marked in the leaves of nodulated plants. This result suggest that the extent of cellular oxidation is greater in the leaves of nodulated plants relative to those fed on nitrate. Contributing factors, other than those measured here, such as the activation of lipoxygenases, must account for the enhanced oxidation observed in the leaves of the nodulated peas.
Catalase activity decreased in senescent leaves of both nitrate-fed and nodulated plants after 9 weeks, and tissue H 2 O 2 contents increased. The localization studies reported here show that H 2 O 2 accumulated largely in the chloroplasts and in the cell wall. Little change in peroxisomal H 2 O 2 was observed despite the measured decrease in catalase activity indicating that other peroxisomal peroxidases and/or non-enzymatic antioxidants probably take over the role of catalase. Indeed, there is a well-characterized peroxisomal APX, and other peroxisomal peroxidases, which have important metabolic functions in leaf senescence, as well as the glutathione pool of peroxisomes which is strongly increased by senescence (Jiménez et al., 1997, Fig. 3 . Differential mRNA expression of antioxidative enzymes in senescent week 12 leaves of nitrate-fed and nodulated pea plants evaluated by semi-quantitative RT-PCR. Open and closed columns correspond to nitrate-fed and nodulated plants, respectively. Values are expressed relative to actin. Data represent average values 6SD obtained from at least three separate experiments. CAT, catalase; APX, ascorbate peroxidase; MDHAR, monodehydroascorbate reductase; GR1, cytosolic glutathione reductase; GR2, chloroplastic glutathione reductase; CuZn-SOD I, chloroplastic copper,zinc-containing superoxide dismutase; CuZn-SOD II, cytosolic copper,zinc-containing superoxide dismutase; Mn-SOD, manganese-containing superoxide dismutase; Fe-SOD, ironcontaining superoxide dismutase. Asterisk indicates that differences are significant. 1998; del Río et al., , 2003 . While catalase and DHAR activities decreased in senescent leaves, little change in the corresponding transcript abundance was observed. Similarly, the relative abundance of APX, MDHAR, cytosolic GR (GR1), and Fe-SOD transcripts was highest in nitrate-fed plants, but the activities of these enzymes were similar in both sets of plants. This suggests the possibility of post-translational modification of some antioxidant enzymes in senescent leaves, particularly those from nitrate-fed plants. By contrast with chloroplastic Fe-SOD, transcripts encoding cytosolic and chloroplastic CuZn-SODs were lower in senescent leaves from nitrate-fed plants.
Taken together, these results emphasize the role of oxidation in the orchestration of leaf senescence. This provides a parallel to the ageing process in other organisms, where antioxidants, antioxidant response element linked gene expression, and mitochondrial function are key players. Current evidence in plants and animals suggests that inappropriate production of oxidants and carbonyls, are intricately connected to ageing. It is probable that systemic signals, such as a deficit in amino acids or other metabolites associated with N metabolism, arising from the breakdown legume-Rhizobium symbiosis leads to early senescence and a more oxidized state of the leaf cells in the nodulated peas during senescence. 
